Aquaporin-1 is a water channel found in mammalian red blood cells that is responsible for high water permeability of its membrane. Our electron crystallographic analysis of the three-dimensional structure of aquaporin-1 at 4.5-Å resolution confirms the previous finding that each subunit consists of a right-handed bundle of six highly tilted transmembrane helices that surround a central Xshaped structure. In our new potential map, the rod-like densities for the transmembrane helices show helically arranged protrusions, indicating the positions of side chains. Thus, in addition to the six transmembrane helices, observation of helically arranged side-chain densities allowed the identification of two short ␣-helices representing the two branches of the central X-shaped structure that extend to the extracellular and cytoplasmic membrane surfaces. The other two branches are believed to be loops connecting the short ␣-helix to a neighboring transmembrane helix. A pore found close to the center of the aquaporin-1 monomer is suggested to be the course of water flow with implications for the water selectivity. 1999 Academic Press
INTRODUCTION
The transport of water across cell membranes is a fundamental process in living organisms. Accordingly, the membranes of many prokaryotes and a variety of cell types in eukaryotes are particularly permeable to water (Sidel and Solomon, 1957) . In mammalian red blood cells, water permeability to the membrane is achieved by a water selective pore, aquaporin-1 (AQP1), which is mercury-sensitive (Preston et al., 1992) . AQP1 shows a tetrameric organization when visualized by freeze-fracture electron microscopy (Verbavatz et al., 1993) , and a homotetramer also forms the building block of two-dimensional (2D) crystals of AQP1 (Walz et al., 1994a) . However, despite its tetrameric organization, the AQP1 tetramer contains four independent aqueous pores (Smith and Agre, 1991) .
The deduced amino acid sequence of AQP1 (Preston and Agre, 1991) was found to be closely related to the major integral protein of the lens (Gorin et al., 1984) and to belong to a large family of homologous proteins (Park and Saier, 1996; Heymann and Engel, 1999) . AQP1 and all other members of this family contain an internal repeat where the N-terminal half of the sequence exhibits a level of high homology to the C-terminal half (Wistow et al., 1991) with each repeat carrying the signature sequence of the family, the highly conserved Asn-Pro-Ala (NPA) motif. The hydropathy plot of the sequence suggested that AQP1 contains six bilayer-spanning regions. Indeed, six rod-shaped densities were visualized in the threedimensional (3D) structures of AQP1 reported independently by three groups at about 6-Å resolution using electron crystallography (Li et al., 1997; Walz et al., 1997; Cheng et al., 1997) . Here we report the 3D structure of AQP1 at the improved resolution of 4.5 Å also determined by electron crystallography but using an increased number of electron diffraction patterns and images as well as applying an improved image processing protocol for AQP1.
MATERIALS AND METHODS
Sample preparation and electron microscopy. 2D crystals of AQP1 were prepared as described in Walz et al. (1994b) and were applied to a carbon-coated molybdenum grid following the procedure described in Walz et al. (1997) . A JEM-3000SFF (Jeol) equipped with a liquid helium-cooled stage (Fujiyoshi et al., 1991) and a thermal field emission gun was used at an acceleration voltage of 300 kV to collect electron diffraction patterns and electron microscopic images. All diffraction patterns were collected with a 2k ϫ 2k slow-scan CCD camera (GATAN) while low-dose images (below 20 electrons/Å 2 ) were recorded at a direct magnification of 50 000 on SO163 electron microscopic film (Kodak). Films were developed with a Kodak D19 developer for 14 min and digitized with a LeafScan 45 microdensitometer (Scitex) using a step size of 5 µm . The sensitivity of the CCD camera for electrons was measured by recording CCD images of areas uniformly illuminated with an electron beam of known intensity.
Analysis of diffraction patterns and image processing. All diffraction patterns and images were analyzed with slightly modified MRC image processing programs (Crowther et al., 1996) . The procedure for the analysis of the diffraction patterns follows that originally developed by Ceska and Henderson (1990) , but we introduced an additional background correction step in which a smoothed surface is subtracted from the diffraction pattern. Background estimation of the diffraction pattern to calculate the smoothed surface was performed as described in Mitsuoka et al. (1999) . For the third cycle of image processing (see Results and Discussion and Fig. 1 ), we used a modified version of MASKTRAN to calculate reference images from a merged 3D data set, though MAKETRAN could also be used for this purpose. In this procedure, the merged amplitudes and phases were positioned in the Fourier patterns, from which the reference images were calculated, according to the lattice parameters estimated from the original image. Also the phase shift used for the image in the merging procedure by ORIGTILT was applied. As result, the projection images from the merged 3D data set were rotated and translated appropriately. The intensities and phases were combined using a modified version of LATLINE (Agard, 1983) . The LATLINE program, which permits one to combine amplitudes with phases by the least-squares method, was modified for a combination of intensities with phases (shown in Fig. 2 ).
Calculation and examination of the 3D map. The 3D map of AQP1 at 4.5-Å resolution was calculated by the CCP4 suite of programs (Collaborative Computational Project No. 4, 1994) from the merged amplitudes and phases with figures of merit above 0.3. The program O (Jones and Kjeldgaard, 1993) was used to build a poly(Ala) model into the potential map and to create the figures of the contoured potential maps. The least-squares fitting of the two sets of the poly(Ala) helices divided in half from the AQP1 monomer was also executed by this program. The positional refinement of the poly(Ala) helices was performed using the program X-PLOR version 3.851 (Brü nger, 1988) by the standard script.
RESULTS AND DISCUSSION

Electron Diffraction Patterns
Diffraction patterns from 2D crystals of AQP1 were processed as in our previous work on bacteriorhodopsin (Mitsuoka et al., 1999) . Figure 3 shows typical diffraction patterns after background subtraction from specimens tilted to 0°, 20°, 45°, and 60°. Diffraction patterns from an untilted 2D crystal often showed spots beyond 3.5-Å resolution, while only few spots higher than 4.5-Å resolution could be observed in the direction perpendicular to the tilt axis in diffraction patterns from highly tilted specimens. From the distribution of the merging R factor (Table I ), we determined the resolution limit of the observed intensities as 3.9 Å.
Our electron crystallographic data set for AQP1 displays a rather poor value for the Friedel and merging R factors. Poor counting statistics can explain part of the difference in the intensity between Friedel-related diffraction spots. The average number of electrons contributing to a spot in our AQP1 electron diffraction patterns is about 25, which could be estimated from output values of the CCD camera (see Materials and Methods). The ratio of the average integrated intensity to the background value of each pixel in a diffraction pattern from an untilted AQP1 specimen was typically 5, and a theoretical estimate from counting statistics for the ratio of the standard deviation to the spot intensity is 23.7% (ͱintensity ϩ 2 ϫ background /intensity ϭ ͱ25 ϩ 2 ϫ 5/25 ). The observed Friedel R factor (45.4%) is about twice this theoretical value (23.7%), since many other factors can also lead to deviations in the intensities of Friedel pairs. Nevertheless, the limited number of electrons contributing to a diffraction spot in our electron diffraction patterns of AQP1 is likely to be the main reason for the rather poor Friedel R factor.
The limited number of electrons contributing to each reflection in AQP1 electron diffraction patterns is not surprising when the nature of AQP1 2D crystals is taken into consideration. When compared to our previous study on bacteriorhodopsin (bR) (Mitsuoka et al., 1999) , we find that the unit cell volume for bR (33.8 nm 2 ϫ ϳ6.0-nm thickness) is
FIG. 2.
Lattice line data. Observed intensities and phases along lattice lines (5, 7) and (3, 11) plotted together with the curves produced using a weighted least-squares algorithm by a modified version of the LATLINE program. Phase information is drawn in the upper panels; intensities are plotted in the lower panels. In the upper panels, X indicates the reflections with IQ 1-4.
FIG. 3.
Typical electron diffraction patterns from 2D crystals of AQP1 at indicated tilting angles. The circles indicate the resolution and the lines in the tilted diffraction patterns indicate the position of the tilt axis. The black regions were excluded from the processing because of the beam stopper used and the lower and higher resolution cut-off. about 1/2.7 times of that for AQP1 (92.2 nm 2 ϫ ϳ6.0-nm thickness). In addition, the crystal volume for bR is typically about 4 times the volume for AQP1, since the diameter of a typical bR crystal is about 2 times larger than the diameter of a typical AQP1 crystal.
Both factors decrease the intensity of each reflection in electron diffraction patterns from AQP1 and the ratio of the peak signal to the background noise is therefore much smaller (typically less than 1/10) than those of bR, which was analyzed at 3.0-Å resolution. Here it should be noted that the ratio of the average integrated intensity to the background value is not the same as the S/N for each reflection. Even if the background values were relatively large, the S/N could still be good when the background value is correctly estimated and has a low deviation from the estimated value. As a result of the relatively poor Friedel R factor, the merging R factor shows a similar value as the Friedel R factor in our experimental results.
Image Processing
Images of 2D AQP1 crystals were processed following procedures established by Henderson et al. (1986) . However, we usually applied only one unbending cycle using a tilted transfer function (TTF)-corrected filtered image as the reference, because for many images further unbending cycles did not significantly improve the resulting IQ values. Instead, an additional third unbending cycle was applied to a portion of the images using a projection map as a reference, which was calculated from a preliminary merged 3D data set (Fig. 1) . Moreover, in the third cycle, we used the new tilt angle and tilt axis that were refined in the preliminary merging process, because with almost all the images tested these values yielded better IQ values than when the tilt angle and tilt axis that were estimated from the lattice parameters were used. After the additional unbending cycle, the number of IQ 1-4 spots for images of 20°tilted crystals was increased by about 7% in total (from 3726 to 3977). This improvement is probably due to better estimates of the displacement vectors calculated using a more accurate reference. In the normal procedure, the reference area is taken from the center of the image. Therefore, images are digitized in a way such that the best crystalline area is at the center, though this is sometimes very difficult for small 2D crystals like AQP1.
The quality of the phase information of our AQP1 data set is shown in Table I . Only reflections with IQ values of 1-5 were merged into the final data set. This selection criterion is more severe than that used in other electron crystallographic studies including our own work on bR (Mitsuoka et al., 1999) . This can account for the low percentage of completeness in our AQP1 3D data set, though we believe that we still include most of the relatively strong reflections. As already pointed out with respect to the electron diffraction patterns, the intensity of diffraction spots from 2D crystals of AQP1 is not very high, producing a significant number of weak reflections. The phase residual in the resolution range up to 4.5 Å could be a Only the reflections with a figure of merit over 0.3 were included.
greatly improved as a result of including into the merging only phases from reflections that showed a better IQ value.
3D Structure at 4.5-Å Resolution
The 3D map of AQP1 at 4.5-Å resolution contains rod-like structures on which protrusions are clearly visible (marked by arrowheads in Fig. 4) . The 5.4-Å repeat of these protrusions along the axis of the rod and their helical arrangement are consistent with a canonical ␣-helix of 3.6 residues per turn. Therefore, the protrusions were interpreted to represent sidechain densities of each amino acid of the helices and this allowed us to build poly(Ala) helices into the six   FIG. 4 . Views of the 4.5-Å resolution potential map contoured at 1.0 . (a) The potential map around a transmembrane rod-like structure shows protrusions corresponding to side chains of the transmembrane ␣-helix (indicated by arrowheads). Using the protrusions as markers, the poly(Ala) helix (represented by the stick model) was manually built and subsequently refined. (b and c) The potential maps around a pore helix and a pore loop are shown in the respective panels. In both panels, the membrane surface is upward. Arrows indicate the densities of the pore loops and red stick models represent the pore ␣-helices.
transmembrane densities, confirming the righthanded bundle of highly tilted ␣-helices observed in previous maps (Walz et al., 1997; Cheng et al., 1997) .
In addition to the six transmembrane ␣-helices, there are two other rod-like regions revealing a similar helical arrangement of protrusions. These densities are located in the center of the AQP1 monomer and are significantly shorter than the membrane-spanning helices (Figs. 4b and 4c) . They are part of the X-shaped structure that was already observed in the center of the AQP1 molecule in previous electron crystallographic studies. Our current study indicates that one of the two branches to each membrane surface that form the X-shaped density can be assigned to a short ␣-helix. One of the short ␣-helices was noted in a previous study (Li et al., 1997) and is definitely confirmed by our higher resolution map. In contrast, the other two branches of the X-shaped density do not display helical protrusions. Therefore, they may represent loops that connect each short ␣-helix to a neighboring transmembrane helix. In Figs. 4b and 4c , the densities of the loop regions are marked by white arrows while the densities for the short ␣-helices contain a red stick model of the fitted poly(Ala) helices.
Previous electron crystallographic studies reported a noncrystallographic pseudo-twofold symmetry within the AQP1 monomer (Li et al., 1997; Cheng et al., 1997) . To determine whether our higher resolution map is in agreement with such a pseudo-twofold relationship, the six transmembrane helices and the two short helices were divided into two sets, grouping together the helices of the right and left halves of the AQP1 monomer, which were then compared to each other using a least-squares algorithm (see Materials and Methods). For this purpose our poly(Ala) model built into the helical densities was subjected to a positional refinement by X-PLOR (Brü nger, 1988) , yielding an R factor of 46.2% and a free R factor of 48.8%. The root mean square deviation between the two sets of backbone atoms from 62 corresponding residues was 2.04 Å. Although the twofold symmetry is not perfect, the least-squares comparison demonstrated that the pseudo-twofold symmetry within the AQP1 monomer applies not only to the membrane-spanning ␣-helices but also to the short helices in the center of the monomer. Thus, the tandem-repeat structure found in the primary sequence of AQP1 (Wistow et al., 1991; Heymann and Engel, 1999 ) is in fact reflected in its 3D structure.
Comparison with the Potassium Channel
The fold of the AQP1 monomer consists of a right-handed bundle of six highly tilted ␣-helices surrounding a large central cavity filled with short helices (pore helices) and connecting loops (pore loops) that form the actual pore. This structure is in some ways analogous to the pore formed by the potassium channel from Streptomyces lividans (Doyle et al., 1998) . In the case of the potassium channel, a right-handed bundle of four ␣-helices creates a large pore that is restricted in size by four pore loops inserted into the membrane region with four pore helices. Transmembrane pores can be formed in a variety of ways: ␣-helices from a single subunit in the case of AQP1 or from different subunits as found in the potassium and mechano-sensitive ion channels (Chang et al., 1998) or even by a ␤-barrel fold as found in bacterial porins (Schulz, 1996) . However, a common motif appears to be pore loops and helices, which may confer specificity to membrane pores. Only future studies will show whether this is a valid conclusion.
There are distinct differences between the 3D structures of AQP1 and the potassium channel. While in the potassium channel the four subunits form a single channel in the center of the tetramer, each monomer in the AQP1 tetramer forms an independent water pore. Also the structure of the potassium channel, which has been described as an inverted teepee, is rather asymmetrical with pore helices located on only one side of the membrane. In the case of AQP1 the structure is much more symmetric with one pore loop and helix folding into the pore from each side of the membrane and forming an intimate contact near the center of the lipid bilayer, as proposed in the hourglass model (Jung et al., 1994) . The symmetrical structure of AQP1 with respect to the membrane plane might well reflect its symmetrical function, which allows passive water diffusion across the lipid bilayer in both directions as opposed to the one-directional ion transport through the potassium channel.
Water Pathway
Unfortunately, our 3D structure at 4.5-Å resolution is still not sufficient to directly visualize the water pathway through AQP1 but it enables us to speculate on its possible location within the monomer. Our potential map shows a pore-like cavity in the center of the AQP1 monomer (indicated by white discs in Fig. 5 ), which we propose as the most likely water pathway. The position of the pore is almost identical to the vestibule pointed out by Cheng et al. (1997) . Despite the pseudo-twofold symmetry of the ␣-helices, the pore size in each half of the lipid bilayer appears to be slightly different. The diameter of the narrowest region of the pore shown in Fig. 5a is about 4.5 Å, which is similar to the approximate dimensions of a water molecule. At this level, a water molecule in the pore might be in direct contact with The slice of other part of the pore, which is 12 Å apart from the narrowest level, is shown with the white disc indicating the water pathway. In the both panels, H and L denote the pore helices and the pore loops, respectively, and white squares with black dots at the center indicate the fourfold axes of the AQP1 tetramer. the pore helix, the pore loop, and side chains from the two transmembrane helices that are part of the eight-helix bundle around the fourfold axis of the AQP1 tetramer and that are related to each other by the pseudo-twofold symmetry. Because the size of the pore approaches the size of a water molecule, we suggest that this region of the water pathway is likely to permit entry of water molecules but not larger solutes such as glycerol or urea. Thus, at least part of the pore loop, the pore helix, and the two transmembrane helices related by the pseudotwofold symmetry should be essential for the water selectivity of AQP1.
The other half of the pore is significantly larger than a water molecule (Fig. 5b) . This region, which is about 12 Å away from the narrowest region or the pore, consists of the other pore helix, the other pore loop, and three transmembrane helices, two of which again form the eight-helix bundle in the center of the tetramer. The difference in pore size suggests that one half of the pore is more restrictive than the other half and may be the selectivity filter. In addition, the wide pore, which can easily accommodate water molecules, might be necessary to accomplish the very rapid water transport through the AQP1 monomer (ϳ2 ϫ 10 9 water molecules per second). However, the pore on this side is not nearly as wide as the water-filled cavity found in the potassium channel and the asymmetry in the architecture of the pore is also significantly less than the asymmetry of the potassium channel. To move an ion through a membrane, it must cross an energy barrier that is maximal at the center of the membrane. In the potassium channel, the wide aqueous cavity in the center and the oriented pore helices were proposed to help lower the electrostatic barrier resisting cation permeation (Doyle et al., 1998) . Thus, one can speculate that the rather narrow pore found in the AQP1 monomer might also function as an ion filter by merely not providing mechanisms to prevent the electrostatic destabilization of ions at the center of the membrane.
The appropriate distribution of charged residues near the entrance of the pore would constitute another possible mechanism to prevent ion permeation. Unfortunately, with the limited completeness and resolution of our present data set, the potential maps around the AQP1 surfaces are not yet sufficiently clear to decide on this possibility. Thus, additional data must be included to produce a more complete and higher resolution 3D data set, which will then enable us to determine the water passage in AQP1 and eventually to fully understand the structural basis for the puzzling water selectivity displayed by AQP1.
